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Abstract
The generation of x- and gamma-rays in atmospheric discharges has been studied intensively
since the discovery of terrestrial gamma-ray ﬂashes (TGFs) by the Compton gamma-ray
Observatory in 1991. Emissions are bremsstrahlung from high energy particles accelerated in
large scale atmospheric electric ﬁelds associated with thunderstorms. Whereas observations now
are many, both from lightning and the laboratory, the phases of the discharge where emissions
are generated are still debated and several processes for electron acceleration have been put
forward by theorists. This paper address the electron acceleration in streamer region of lightning.
We present the ﬁrst ‘beam-bulk’ model of self-consistent streamer dynamics and electron
acceleration. The model combines a Monte Carlo Collision code that simulates the high-energy
electrons (>100 eV) and a ﬂuid code that simulates the bulk of the low-energy electrons and ions.
For a negative streamer discharge, we show how electrons are accelerated in the large electric
ﬁeld in the tip of the streamer and travel ahead of the streamer where they ionize the gas. In
comparison to the results obtained with a classical ﬂuid model for a negative streamer, the beam-
bulk model predicts a decrease of the magnitude of the peak electric ﬁeld and an increase of the
streamer velocity. Furthermore, we show that a signiﬁcant number of runaway electrons is lost
by diffusion outside of the streamer tip. The results presented here do not yet include extra
ampliﬁcation nor acceleration far away from the streamer to explain the electron energies seen in
TGFs. Still, in the light of those results, we emphasize that the production of runaway electrons
from streamers needs to be simulated including the self-consistent feedback of runaways on the
streamer. Simulations with a beam-bulk model may not only help to understand the fundamental
atmospheric processes behind TGFs, but also pave the way for the interpretation of remote
sensing of the most energetic discharges in the Earthʼs atmosphere and thus help to address their
environmental impact.
Keywords: atmospheric electricity, streamer discharge, TGF, Monte Carlo methods, drift
diffusion methods
1. Introduction
During the last 25 years interest in atmospheric electricity has
increased because of the discovery of electromagnetic and
radiative processes occuring in the atmosphere above
thunderstorms. The ﬁrst was transient luminous events
(TLEs) (e.g. [2–6]), ﬁrst observed in 1989 [1].
The second was sub-ms duration bursts of photons from
thunderstorms with energies reaching above 20MeV, the
terrestrial gamma-ray ﬂashes (TGFs), observed ﬁrst in 1991
from the compton gamma-ray Observatory when above
thunderstorms [7]. TGFs are bremsstrahlung from high-
energy electrons accelerated in thunderstorm electric ﬁelds
(e.g. [8]). The acceleration mechanism, and its relation with
lightning and TLEs, is still debated. We know that electric
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ﬁelds exist on several spatial and temporal scales. On the
smallest scale is the ﬁeld of the streamer tip, then follows the
ﬁeld around a leader as in lightning or a blue jet, then the
space charge ﬁeld in the thunderstorm clouds and ﬁnally, the
impulsive ﬁelds generated by lightning discharges reaching
from the clouds to the ionosphere. The challenge is to identify
a plausible combination of those ﬁelds that will create pulses
of high-energy electrons which, in turn, generate photon
pulses that match TGF observations.
The theoretical models, put forward since the discovery
of TGFs, are built on Wilsonʼs proposal that the electrons
accelerated in thunderstorm ﬁelds may reach the runaway
regime [9]. Indeed, the frictional force, induced due to colli-
sions with the atmospheric constituents, decreases with
increasing electron energy, thereby allowing electrons to
reach relativistic energies [9]. The addition of Møller scat-
tering to the theory led to the relativistic runaway electron
avalanche (RREA) mechanism which gives an ampliﬁcation
in the number of runaway electrons of up to 105, assuming
large-scale ﬁelds in thunderstorms and above [10]. The
addition of pair production, creating antimatter in the form of
positrons, and x-rays and their interactions with the atmo-
sphere, led to the relativistic feedback mechanism which
gives an extra ampliﬁcation of up to 1013 [11].
The mechanisms proposed have in common that they
require seed electrons with energies in the runaway regime. It
was proposed early, that these electrons may come from
cosmic ray interactions with the atmosphere. More recent
studies investigate, with particle models, if cold electrons can
be accelerated into the runaway regime in the small-scale
ﬁelds of streamers feeding a leader, and if the number of those
runaway electrons is high enough to explain observa-
tions [12–16].
The interest for TGFs is still growing, not only on the
theoretical basis but also for their environmental impact. The
high energy particles (photon, electron positron and neutron)
associated with TGF modify the radiation environment at low
altitudes. The radiation dose predicted has been shown to be
of importance for aviation safety [17–19].
In this work, we propose to use an hybrid approach
coupling ﬂuid and particle models to study electron accel-
eration in streamers, the effect of energetic electrons on
streamer propagation and the production levels of relativistic
electrons.
Recently, hybrid codes have been used to simulate
streamer discharges in coupling ﬂuid and particle models in
different spatial regions, with the ﬂuid description in the
streamer plasma channel, where the electron density is large,
and the particle description ahead of the streamer front (e.g.
[21–23]). In this work, we present an alternative approach
proposed by Belenguer and Boeuf [20]: the beam-bulk model.
In this model the electrons, populating the computational
domain, are not separated in space, but are rather divided in
the energy space into two distinct groups: (a) the low energy
electron population described by a ﬂuid model, and (b) the
high energy electrons followed by particles.
This paper is organized as follows: ﬁrst, we present
details of the beam-bulk model. Then we present a simulation
that illustrates the impact of runaway production on the
streamer propagation, and its dependence on the altitude (the
neutral density). Finally, we discuss the production mechan-
ism and the production rate of runaway electrons.
2. The beam-bulk model of streamers
The beam-bulk model is derived from the pure particle model
of Chanrion and Neubert [13, 14], which couples an elec-
trostatic particle-in-cell code (PIC) with a Monte Carlo Col-
lision code (MCC), by replacing the PIC-MCC model for the
low-energy electrons with a classical drift-diffusion ﬂuid
model (e.g. [24–26, 28–31]). The high-energy particles are
still followed using the PIC-MCC code which is extended in
energy with the relativistic binary-encounter-Bethe electron
impact ionization model from Celestin and Pasko [32].
In this work as a ﬁrst step, the streamer is simulated using
a 1.5D model in a point-to-plane geometry (e.g. [33–37])
shown in ﬁgure 1. With a 1.5D model, the discharge is
considered as a cylinder with a ﬁnite radius and uniform
radial distribution of charges and the evolution of the charged
particle densities is solved in one spatial dimension along the
direction of streamer propagation. It is important to note that
the 1.5D model captures the main characteristics of streamer
propagation, but extension of the beam-bulk model to 2D and
3D will be the subject of future work. In this work, the drift-
diffusion equations are solved in the ﬂuid approximation and
the trajectories of energetic electrons are integrated in the
particle approximation. The electron and ion densities arising
from the energetic particle updates are calculated using a
standard weighting scheme [13]. With a 1.5D model, the
electric ﬁeld is found by slicing the plasma cylinder net
charge density into discs. Using a 3D analytical formulation
for the axial electric ﬁeld from a disc, the space charge
electric ﬁeld in the electrode gap is calculated by integrating
the individual contributions of the disks and their image
charges in the electrodes [33]. All simulations in this work are
presented without pre-ionization or photoionization in order
to emphasize the role of high-energy electrons. The dis-
charges are initiated with a neutral plasma seed composed of
Environ. Res. Lett. 9 (2014) 055003 O Chanrion et al
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Figure 1. The studied geometry. The cylinders represent the streamer
space charge densities used to calculate the electric ﬁeld. The
streamer propagates from the point electrode on the right, maintained
at a potential V, to the grounded planar electrode on the left.
electrons and ions at rest with a density that follows a gaus-
sian of peak value −10 cm16 3 and standard deviation 0.5 mm.
The boundary in electron energy between the drift-dif-
fusion and the PIC-MCC models is chosen to 100 eV. This
energy is the one of an electron having approximately the
velocity of the streamer. The electron mobility, ionization
rate, attachment rate and diffusion coefﬁcient of the drift-
diffusion model have been tabulated from pre-computed
swarm calculations using the PIC-MCC code in constant
electric ﬁelds and for electrons with energies below 100 eV.
In this way we have secured consistency between the two
models. Computer particles from the PIC-MCC model that
loose energy to below 100 eV are injected in the ﬂuid model
by calculating their density over the grid mesh. The electrons
from the ﬂuid model injected into the particle model are
calculated from a table of distribution functions pre-computed
in a constant electric ﬁeld. Knowing the electric ﬁeld and the
electron density on the mesh, this allows to determine the
probability that electrons reach energies above 100 eV. The
coupling of electrons across the energy boundary is repeated
at every time step.
The code allows for long streamer simulations by keep-
ing the streamer head centered in the middle of the simulation
after it has reached this position. This is implemented by
shifting the grid backwards for one grid mesh every time the
maximum value of the electric ﬁeld in the head passes the
middle of the simulation box.
3. Evaluation of the beam-bulk model
In the following, we compare the beam-bulk model with a
pure drift-diffusionmodel. In the pure drift-diffusionmodel we
use for consistency the electron mobility, ionization rate,
attachment rate and diffusion coefﬁcient tabulated the same
way as for the beam-bulk model, except that we do it for all
electron energies. We also evaluate the beam-bulk model
relative to the neutral gas density ngas. Since there is no photo-
ionization included in the models, the scaling is quite simple
[26]. Time, t, and distance, x, scale as n1 gas, and the electron
density, ne as ngas
2 . The results presented in the following for
different altitudes are scaled to sea-level density, unless
otherwise noted.
We present results on a negative streamer propagation for
an electrode tip of radius μ3.5 m, a gap of 1 cm, and an
applied voltage of −25 kV. The streamer radius is ﬁxed to
0.5 mm at ground pressure (see [38] and ref therein). The
simulation time step is −10 ns4 and the mesh size is μ5 m. The
axial proﬁles of electron density and electric ﬁeld at =t 0.8
ns are shown in ﬁgure 2. Results of the pure drift-diffusion
model is shown on the two top panels. When scaled, it is
independent of the altitude (ngas). Below are shown results of
the beam-bulk model for three different altitudes: 0 km, 10 km
and 20 km. The left panels show the full simulation domain
and the right panels a close up of the streamer head. The
electron density is shown in blue, the density of electrons
above 100 eV is in red and the magnitude of the electric ﬁeld,
normalized by the local conventional breakdown ﬁeld Ek, is
shown in green.
In ﬁgure 2, the streamer propagates from the right
towards the left. We see that the high-energy electrons of the
beam-bulk model move ahead of the streamer where they
ionize the neutral gas. The effect is to increase the streamer
velocity relative to the pure drift-diffusion model. The elec-
trons that are emitted ahead of the streamer tip mimic the
effect of photoionization as both processes create extra ioni-
zation in front of the streamer and increase its velocity.
However, the (scaled) electron density produced by the high-
energy electrons does not depend on altitude in contrast to
photoionization which is affected by the quenching of excited
states of the neutral gas.
We further see that the peak electron density and the peak
electric ﬁeld is reduced relative to the pure drift-diffusion
model, as also suggested in [15]. The change in altitude
(density) in the beam-bulk model has little inﬂuence, as it
should, because the same scaling laws apply. The only dif-
ferences are due to statistical ﬂuctuations ahead of the strea-
mer, where it appears that more energetic electrons are created
at higher altitudes. We will return to this question in the
following section.
The streamer propagation velocities in the two models
are shown as functions of time in ﬁgure 3 . Once the streamers
have developed, the velocity in the beam-bulk model is
almost twice as large as the velocity in the pure drift-diffusion
model. The peak electric ﬁeld in the streamer head, Emax, is
shown in ﬁgure 4. When the streamers are formed, Emax
reaches ∼ E7 k in the beam-bulk model and appears almost
constant whereas the ﬁeld in the pure drift-diffusion model
continues to grow and reaches values above E9 k at the end of
the simulation. The electric ﬁeld plays an important role for
production of high-energy electrons (e.g. [12, 14, 16]) and for
branching of streamers (e.g. [25, 26]). We recall that as a ﬁrst
step, we did not take into account photoionization. It is
interesting to note that the results presented in [13, 26] show
similar relative decrease of electric ﬁeld when the photo-
ionization level increases between a streamer simulated at
ground and at more than 30 km altitude. The results presented
in [27] show also a streamer acceleration due to photonization
that is signiﬁcant when the background ﬁeld is really high (∼3
Ek). We conclude, therefore, that it is important to self-con-
sistently include particle acceleration and streamer dynamics
to properly reﬂect streamer properties and their role in TGF
generation.
4. Electron acceleration and the production of
runaway electrons
In this section, we discuss the generation of energetic elec-
trons and consider the three beam-bulk streamers of ﬁgure 2.
In ﬁgure 5 we show the unscaled number of electrons that
exceed 1 keV as a function of time (scaled). Figure 6 shows
the maximum energy of electrons reached in the three
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Figure 2. A streamer simulated with the pure drift-diffusion model (top) and the beam-bulk model. The beam-bulk model is shown at three
different altitudes, scaled to 0 km altitude. The applied potential on the electrode is −25 kV. The electron density is shown in blue, the
density of electrons above100 eV is in red and the ﬁeld normalized by the local conventional breakdown ﬁeld is in green. The full simulation
domain is shown in the left column and a close-up of the streamer head in the right column.
Figure 3. Streamer speed as a function of time for the four cases
presented in ﬁgure 2.
Figure 4. Maximum tip electric ﬁeld, Emax, as a function of time for
the four cases presented in ﬁgure 2.
simulations of ﬁgure 2. It is important to note that during the
discharge ignition for <t 0.2 ns, we observe on ﬁgures 5 and
6 a ﬁrst burst of runaway electrons due to the high electric
ﬁeld close to the electrode. We have checked that this ﬁrst
burst has no inﬂuence on the results obtained during the
propagation of the discharge studied in this work. After the
streamers have formed, ﬁgure 5 shows that the production
rate (slope) appears independent of altitude, however we see
that the total number of electrons increases by a factor ∼4 for
every 10 km altitude. This can be understood when we con-
sider the total number of electrons in a streamer. As noted
earlier, the density of electrons in a streamer scales as ngas
2 and
a volume element scales as n1 gas
3 . The number of electrons in
a streamer therefore scales as n1 gas. Since the neutral density
decreases with altitude z (in km) as ∼ −( )n n zexp 7gas gas0 ,
where ngas
0 denotes neutral gas density at the ground level, this
implies that the number of electrons increases exponentially
with altitude in the atmosphere for a streamer of rescaled size
and density. The increase of runaway electrons is then pro-
portional to the total number of electrons in a streamer. The
number of source electrons, N z( )R , above 1 MeV required to
explain TGFs observed by the RHESSI satellite was esti-
mated in [11] using a Monte Carlo approach. Considering
transmission losses in the atmosphere from the source to the
detector on the satellite, it was found that
= ×( )N 15 km 2 10R 17 and =( )N 21 km 10R 16. From a
transmission formula for photons we estimate the number of
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There are therefore two aspects that make it comparatively
easier with increasing altitude to generate TGFs; one is that
the number of source electrons in a streamer increases with
altitude, and the other is that absorption of bremsstrahlung
photons decreases.
The maximum energy grows at the rate of ∼ −10 keV ns 1,
independently of altitude almost reaching an energy that
corresponds to the potential drop of −25 kV available.
We now look further into the acceleration process by
analyzing streamer simulations performed at ground altitude
for different voltages applied to the point electrode. In ﬁg-
ure 7 we present two simulations with applied voltages of
−30 kV and −35 kV. Each simulation is represented in two
ﬁgures, where the top is in the same format as ﬁgure 2, and
the bottom shows the electron energy versus position for
energies in the PIC regime, i.e. above 100 eV. The plots are
snapshots at =t 0.2 ns. The electron distribution ahead of the
tip has an energetic component that ionizes the gas and cre-
ates a population of secondary electrons with lower energies.
The energy threshold for the runaway regime, deﬁned as
where =qE Fd, where Fd is the average frictional force
experienced by an electron moving through the gas (e.g.
[12]), is shown as the red line. It depends on the electric ﬁeld
magnitude, allowing electrons with lower energies to enter the
runaway regime for higher electric ﬁelds. We see that the
energetic beam ahead of the tip is in the runaway regime and
takes its origin where the threshold for runaway is minimum
and the electric ﬁeld is maximum. We note here, that at this
location, the total electron density is above −10 cm11 3 and
−10 cm14 3 respectively, which is too high to be simulated by
real particles. This justiﬁes the approach of the beam-bulk
model over other hybrid approaches, when studying electron
acceleration in streamers.
In ﬁgure 8 we show the total number of runaway elec-
trons in the simulated streamer, Nr, as function of time for 5
applied voltages between −25 kV and −35 kV. Here we
deﬁne the runaway regime as where the force of the electric
ﬁeld on an electron equals the average frictional force at that
energy. The number of runaway electrons increases rapidly
with decreasing (negative) applied voltage from about 20 at
−25 kV to 104 at −35 kV. The initial pulse in Nr is caused by
the rapid increase and overshoot of the peak electric ﬁeld as
Environ. Res. Lett. 9 (2014) 055003 O Chanrion et al
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Figure 5.Number of electrons of energy above1 keV as a function of
time for the three beam-bulk cases presented in ﬁgure 2.
Figure 6. Maximum electron energy as a function of time for the
three beam-bulk cases presented in ﬁgure 2.
shown in ﬁgure 9. The high electric ﬁeld generates bursts of
energetic electrons and, furthermore, leads to a lower
threshold energy for the runaway regime, both effects
increasing Nr. After the initial overshoot, the ﬁeld remains
almost constant in time which means that the simulation
system has reached a steady state. We further note that there
appears to be a saturation of Emax and Nr for applied voltages
approaching −35 kV. After the overshoot, Emax saturates at
∼Ek = 8 and Nr at ∼104 electrons. We expect, as noted earlier,
that the Nr scales with n1 gas and is ∼4 times larger at 10 km
altitude.
It is important to note that the simulation time is short
compared to the more than 6 ns runaway avalanche time for
electric ﬁelds below Ek. Still, we expected Nr to increase with
Environ. Res. Lett. 9 (2014) 055003 O Chanrion et al
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Figure 7. Simulations for an applied voltage of −35 kV (top) and −30 kV (bottom) at =t 0.2 ns. The total electron density (blue), the high-
energy electron density (red) and the electric ﬁeld normalized by the conventional breakdown ﬁeld (green) are shown on the top of the two
sub-panels, and on the bottom panel the space-energy electron distribution together with the energy threshold for runaway (red line). The
green curve is the line ϵ θ= ( ) ( )F E Z( ) cosp p pd
Figure 8. Number of runaway electrons as function of time for
different applied voltages.
time after the initial overshoot. After all, runaway electrons
are supposed to be accelerated and, at the streamer tip, the
number of runaway electrons is expected to increase. How-
ever, Nr slightly decreases with time, suggesting that runaway
electrons are lost at a rate that balances the inﬂow at the
streamer tip. The answer to this question can be found when
re-examining ﬁgure 7. Ahead of the tip, the number of
energetic electrons in the runaway regime above the red line
decreases with distance ahead of the tip because they diffuse
to lower energies and are lost to the runaway population.
Figure 10 presents the runaway current on the axis for an
applied voltage of −35 kV at 1 ns. It shows clearly that the
runaway current decreases as the runaway electrons travel
away from the tip: it varies form μ30 A close to the tip to
μ2 A 5 mm ahead. The conventional runaway condition that
we have adopted so far is really for electrons with velocity
vectors anti-parallel to E, and can be written as
ϵ= − < ( )F qE Z: ( ) 0p pd for a particle of energy ϵp at the
position Zp. It does not take into account the effect of the pitch
angle relative to E. If we include now the pitch angle in the
runaway condition, as in [10] , we obtain:
ϵ θ= − <θ ( ) ( )F qE Z: ( ) cos 0p p pd , where θp is the angle
between the velocity vector and the Z-axis. Figure 11 presents
the distribution function of runaway electrons deﬁned by  as
a function of the perpendicular ( ⊥V ) and parallel (Vz) velocity
components relative to the electric ﬁeld for an applied voltage
of −35 kV at =t 1 ns. Each of the four sub-panels is plotted
for an electron population inside a 5 mm thickness section
starting respectively at −6, −7, −8 and −9 mm. On the top of
each ﬁgure, we have plotted the criterion θ that now depends
also on the angle θp for the average electric ﬁeld Em, which
equals respectively E2.02 k, E1.06 k, E0.8 k and E0.7 k in the
section. On this ﬁgure it is clearly seen that the threshold
energy deﬁned by θ increases rapidly with pitch angle and
that an important amount of runaway electrons as deﬁned by
 do not satisfy θ . This problem is further aggravated by the
fact that the electric ﬁeld is decreasing away from the tip,
leading to an increase in the runaway threshold. These con-
siderations make therefore difﬁcult the evaluation of the ﬂow
of cold runaway electrons needed to justify TGF observa-
tions. It is still to be noted that the current density from ﬁg-
ure 10 corresponds to runaway rates of × −2 10 s14 1 close to
the tip and × −2 10 s13 1 at 5 mm ahead. Those rates are below
by some order of magnitude from what was used by other
authors [12, 14, 16] to justify TGFs from low energy electron
accelerated by streamer tips using extra RREA ampliﬁcation
outside the streamer tip not present in our model. The lower
rate we found can be explained by several factors: the electric
ﬁeld is of lower magnitude inside the streamer tip due to the
production of high energy electrons itself; the electric ﬁeld
outside the streamer tip is below Ek in our work; more run-
away electrons are expected to be lost by diffusion and our
streamer radius is 1 order of magnitude smaller.
5. Conclusions
In this paper we have applied for the ﬁrst time a ‘beam-bulk’
model to simulate the runaway production from cold electrons
accelerated in streamer tips present in lightning leader region.
The method is really well adapted to the physics of the pro-
cess since it models the bulk of low energy electrons present
in the body of the streamer using ﬂuid drift-diffusion equa-
tions and the high energy electrons that contain the beam of
runaway electrons using particles. It allows to observe the
production of runaway electrons at the core of their source
production in the electron velocity-space. The results suggest
that the effect of high energy electrons on streamer propa-
gation is important on the velocity, peak elect ric ﬁeld,
eventual branching and on the production rate of runaway
electrons. The effect is similar to that of photoionization but is
independent of altitude. It is shown that the model can handle
a runaway rate that is few orders of magnitude below what is
used by other authors to justify TGF observations. However
in our self-consistent simulation, we have observed that a
signiﬁcant amount of runaway electrons are lost by diffusion
along their way outside of the streamer tip. This ﬁnding
makes difﬁcult the estimation of the runaway number needed
to justify TGF observations from the present study. Although
the model does not yet contain a realistic description of the
lightning ﬁeld, nor extra RREA ampliﬁcation outside the
streamer tip, confrontation of results given by such a model
Environ. Res. Lett. 9 (2014) 055003 O Chanrion et al
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Figure 10. Runaway current along the axis at the time 1 ns for an
applied voltage of −35 kV.
with TGF observations expected from future space missions
like TARANIS and ASIM in 2015/16 can give insight in the
source mechanism and in term lead to a better understanding
of atmospheric discharges and their impact on our environ-
ment [39, 40].
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the criterion θ for the average electric ﬁeld Em, which equals respectively to E2.02 k, E1.06 k, E0.8 k and E0.7 k in the section.
[7] Fishman G J et al 1994 Discovery of intense gamma-ray
ﬂashes of atmospheric origin Science 264 1313–6
[8] Dwyer J R, Smith D M and Cummer S A 2012 High-energy
atmospheric physics: terrestrial gamma-ray ﬂashes and
related phenomena Space Sci. Rev. 173 133–96
[9] Wilson C T R 1924 The electric ﬁeld of a thundercloud and
some of its effects Proc. R. Soc. London 37 32D–37D
[10] Gurevich A V, Milikh G M and Roussel-Dupre R A 1992
Phys. Lett. A 165 463
[11] Dwyer J R 2003 A fundamental limit on electric ﬁelds in air
Geophys. Res. Lett. 30 2055
[12] Moss G D, Pasko V P, Liu N and Veronis G 2006 Monte Carlo
model for analysis of thermal runaway electrons in streamer
tips in transient luminous events and streamer zones of
lightning leaders J. Geophys. Res. 111 A02307
[13] Chanrion O and Neubert T 2008 A PIC-MCC code for
simulation of streamer propagation in air J. Comput. Phys.
15 7222–45
[14] Chanrion O and Neubert T 2010 Production of runaway
electrons by negative streamer discharges J. Geophys. Res.
115 A00E32
[15] Li C, Ebert U and Brok W J M 2008 Avalanche to streamer
transition in particle simulations IEEE Trans. Plasma Sci. 36
910–1
[16] Celestin S and Pasko V P 2011 Energy and ﬂuxes of thermal
runaway electrons produced by exponential growth of
streamers during the stepping of lightning leaders and in
transient luminous events J. Geophys. Res. 116 A03315
[17] Dwyer J R, Smith D M, Uman M A, Saleh Z, Grefenstette B,
Hazelton B and Rassoul H K 2010 Estimation of the ﬂuence
of high-energy electron bursts produced by thunderclouds
and the resulting radiation doses received in aircraft
J. Geophys. Res. 115 D09206
[18] Tavani M, Argan A, Paccagnella A, Pesoli A, Palma F,
Gerardin S and Dyer C S 2013 Possible effects on avionics
induced by terrestrial gamma-ray ﬂashes Nat. Hazards Earth
Sys. Sci. 13 1127–33
[19] Drozdov A and Grigoriev A 2013 Neutrons from
thunderstorms at low atmospheric altitudes and related doses
at aircraft J. Phys.: Conf. Ser. 409 012246
[20] Belenguer P and Boeuf J-P 1990 Transition between different
regimes of rf glow discharges Phys. Rev. A 41 4447
[21] Li C, Ebert U and Hundsdorfer W 2009 3D hybrid
computations for streamer discharges and production of run-
away electrons J. Phys. D: Appl. Phys. 42 202003
[22] Li C, Ebert U and Hundsdorfer W 2010 Spatially hybrid
computations for streamer discharges with generic features
of pulled fronts: I Planar fronts J. Comput. Phys. 229 200–20
[23] Li C, Ebert U and Hundsdorfer W 2012 Spatially hybrid
computations for streamer discharges: II Fully 3D
simulations J. Comput. Phys. 231 1020–50
[24] Kulikovsky A A 2000 The role of photoionization in positive
streamer dynamics J. Phys. D 33 1514
[25] Arrayás M, Ebert U and Hundsdorfer W 2002 Spontaneous
branching of anode-directed streamers between planar
electrodes Phys. Rev. Lett. 88 174502
[26] Liu N and Pasko V P 2004 Effects of photoionization on
propagation and branching of positive and negative
streamers in sprites J. Geophys. Res. 109 A04301
[27] Luque A, Ebert U, Montijn C and Hundsdorfer W 2007
Photoionization in negative streamers: fast computations and
two propagation modes Appl. Phys. Lett. 90 081501
[28] Ebert U, Montijn C, Briels T M P, Hundsdorfer W,
Meulenbroek B, Rocco A and van Veldhuizen E M 2006
The multiscale nature of streamers Plasma Sour. Sci.
Technol. 15 S118
[29] Bourdon A, Bonaventura Z and Celestin S 2010 Inﬂuence of
the pre-ionization background and simulation of the optical
emission of a streamer discharge in preheated air at
atmospheric pressure between two point electrodes Plasma
Sources Sci. Technol. 19 034012
[30] Tholin F and Bourdon A 2011 Inﬂuence of temperature on the
glow regime of a discharge in air at atmospheric pressure
between two point electrodes J. Phys. D: Appl. Phys. 44
385203
[31] Luque A and Ebert U 2012 Density models for streamer
discharges: beyond cylindrical symmetry and homogeneous
media J. Comput. Phys. 231 904–18
[32] Celestin S and Pasko V P 2010 Soft collisions in relativistic
runaway electron avalanches J. Phys. D Appl. Phys. 43
315206
[33] Davies A, Evans C J and Llewellyn-Jones F 1964 Proc. R. Soc.
London Ser. A 281 164
[34] Davies A, Davies C and Evans C 1971 Computer simulation of
rapidly developing gaseous discharges Proc. Inst. Electr.
Eng. 118 816–23
[35] Abbas I and Bayle P 1980 A critical analysis of ionizing wave-
propagation mechanisms in breakdown J. Phys. D: Appl.
Phys. 13 1055–68
[36] Morrow R 1985 Theory of negative corona in oxygen Phys.
Rev. A 32 1799–809
[37] Duarte M, Bonaventura Z, Massot M, Bourdon A,
Descombes S and Dumont T 2012 A new numerical strategy
with space-time adaptivity and error control for multi-scale
streamer discharge simulations J. Comp. Phys. 231 1002–19
[38] Nijdam S 2011 Experimental investigations on the physics of
streamers PhD manuscript Eindhoven University of
Technology
[39] Neubert T and the ASIM Team 2009 ASIM—an instrument
suite for the International Space Station ed N B Crosby,
T-Y Huang and M J Rycroft AIP Conf. Proc. Coupling of
Thunderstorms and Lightning Discharges to Near Earth,
(Corsica 2009) (Melville, NY: AIP Publishing)
[40] Blanc E, Lefeuvre F, Roussel-Dupre R and Sauvaud J 2007
TARANIS—a satellite project dedicated to the physics of
TLEs and TGFs Adv. Space Res. 40 1268–75
Environ. Res. Lett. 9 (2014) 055003 O Chanrion et al
9
